Objective: To describe abdominal adipose tissue distribution in a large sample of contemporary British children; to determine the influence of gender, stage of maturation and body mass index (BMI) on abdominal adipose tissue distribution; and to compare the ability of BMI and waist circumference to predict abdominal adipose tissue. Subjects and methods: A total of 74 boys (mean age 13.4±0.4 years) and 96 girls (mean age 13.5±0.5 years) were selected from volunteer children enrolled in the Avon Longitudinal Study of Parents and Children (ALSPAC). Height, weight and waist circumference were measured and BMI calculated. Stage of sexual maturation was available for 113 children using a self-report questionnaire based on Tanner's criteria. Magnetic resonance imaging was used to assess subcutaneous abdominal adipose tissue (SAAT) and intra-abdominal adipose tissue (IAAT) volumes and patterning. Results: Boys had lower levels of IAAT (P ¼ 0.036) and SAAT (P ¼ 0.003) than girls. IAAT and SAAT were higher in overweight and obese boys and girls when compared with normal weight children (Po0.0001). This pattern was also reflected in waist circumference groups. Boys had higher IAAT/SAAT ratios than girls, indicating proportionately more adipose tissue deposited intra-abdominally (P ¼ 0.002). However, both boys and girls deposited less than 10% of their abdominal fat as internal adipose tissue. WC predicted 67.4% of the variance in IAAT (Po0.001), and BMI predicted 84.8% of the variance in SAAT (Po0.001). However, BMI as the best single predictor explained only 8.4% of the variance in the IAAT/SAAT ratio (Po0.001). Conclusions: At this age and stage of sexual maturation, the amount of IAAT remains relatively small. WC and BMI offer a feasible alternative to the MRI estimation of IAAT and SAAT, respectively, in a population-based sample of boys and girls.
Introduction
Intra-abdominal adipose tissue (IAAT), also known as visceral fat, is a serious health issue in adults because of its links with metabolic syndrome. [1] [2] [3] [4] [5] Obese individuals who store a larger proportion of fat within the abdominal cavity (appleshaped obesity) in comparison to subcutaneous stores have greater risk of diabetes, coronary heart disease and some cancers. [6] [7] [8] [9] [10] [11] In the past 15 years, there has been increasing research attention paid to the assessment and consequences of visceral fat deposition in adults. [12] [13] [14] [15] [16] [17] [18] However, much less attention has been paid to its measurement in children. [19] [20] [21] Little is known about the factors involved in the development of abdominal adipose tissue patterning, the age at which particular types of distribution are identifiable, the degree to which they are stable or vary over time, or the influence of lifestyle factors, gender or stage of maturation. Furthermore, the consequences of the type of adipose tissue patterning for childhood health or its impact on health as a future adult are largely unknown. There have been investigations into the relationship between adipose tissue distribution and some metabolic indicators in obese and non-obese children. 22, 23 However, these have relied primarily on proxy anthropometric indicators of IAAT such as skinfold thicknesses and body circumferences, and their validity has not been fully established. 24, 25 Reliable and accurate direct assessment of abdominal adipose tissue distribution is critical to developing understanding of its development in children. Of the available techniques, imaging methods such as computed tomography (CT) and magnetic resonance imaging (MRI) provide the most precise estimates of internal adipose tissue deposition in children. 26 MRI does not require exposure to ionizing radiation, making it advantageous over CT, particularly for repeated measures. However, MRI is also expensive and not widely available for research. As a result, only a few studies using this method are available and most have used relatively small samples. Recently, Brambilla et al. 27 combined MRI data with samples of children and adolescents from the previously published studies. The pooled population in this study comprised fewer than 500 children across a wide range of ages. Using this resource, the predictive validity of various anthropometric variables, such as waist circumference, was assessed using MRI as a direct measure, in an attempt to find cheaper and more feasible indicators of IAAT. While this study showed that waist circumference has useful predictive qualities, most of the data were derived from studies of obese children across a wide range of ages. Recently, Shaibi et al. 28 and Davis et al. 29 added substantially to the world MRI database with children.
They assessed 175 and 247 Latino children, respectively. Again, the children were selected as X85th percentile for age-related body mass index (BMI) and also having family histories of diabetes. Few studies have documented abdominal adiposity parameters in samples of boys and girls demonstrating the normal range of BMI, and the sizes of samples have been small. 30, 31 This has meant that MRI estimates of levels and patterning of abdominal adiposity in a large representative cohort of youngsters has not been fully explored. Furthermore, anthropometric indicators of abdominal adiposity that are validated by MRI for the full range of children at any particular age have not been adequately identified.
To address some of these shortfalls, abdominal adipose tissue distribution is described in a large sample of contemporary children. This study performed abdominal MRI scans on a subsample of 196 children at ages 12-13 years drawn from the Avon Longitudinal Study of Parents and Children (ALSPAC), presenting a broad range of BMIs. A wide range of lifestyle, biomedical and growth measures from birth, is also available on these children with several variables being highly relevant for furthering understanding of the determinants and consequences of adipose tissue patterning. Reassessment is currently underway with the same children after a 2-year time lapse. This paper presents the baseline data for this work following rigorous reliability analysis; determines the influence of gender, stage of maturation and BMI on abdominal adipose tissue distribution; and compares the ability of anthropometric indices to predict abdominal adipose tissue. Unlike the majority of published data, which have used area estimates from single cross-sectional trunk scans, this study provides abdominal adipose tissue volumes calculated from multiple scans, thereby increasing precision.
Methods
ALSPAC is a prospective study, which has been described in detail elsewhere 32 (http://www.alspac.bris.ac.uk). A total of 14 541 pregnant women living in one of the three Bristolbased health districts in the former County of Avon, providing 14 062 live births between April 1991 and December 1992, were recruited to the study. Detailed information has been collected using self-administered questionnaires, data extraction from medical notes, linkage to routine information systems and at research clinics. The ethnicity of the children was obtained through a maternal self-report questionnaire at 32 weeks gestation and coded as either 'white' or 'non-white'.
Recruitment of participants
Children for this study were enrolled in ALSPAC and had attended the 'Children in Focus' (CIF) group, which was a randomly selected subsample of children who had expressed an interest in participating in further substudies. The sample was stratified by sex and by BMI (above the mean and below the mean groups when attending the Focus11 þ clinic). All children and their parents provided written informed consent before participating. Ethical approval for the study was obtained from the ALSPAC Law and Ethics Committee and the Local Research Ethics Committees. All applicable institutional and governmental regulations concerning the use of human volunteers were followed during the research.
Procedures
Consenting participants were invited for an abdominal MRI scan at the Somerset MRI Centre. There was a mean time lapse of 1.27 (±0.44) years between the Focus11 þ clinic and the MRI centre visit. Each child followed a fixed scanning protocol that included thoracic, abdominal and upper thigh cross-sectional scans, and lasted 20 min. At a later date, each child was given an educational pack, which included a composite film of their scans and an explanatory pamphlet. All scans were checked for abnormalities but no clinically significant abnormalities were detected. ) and obesity and overweight classifications were determined by British age and gender-specific percentile references, 34 using software provided by the Child Growth Foundation. 35 Children were defined as obese (X95th percentile), overweight (85th-94th percentile) and normal weight (remaining). WC percentiles according to British age and gender-specific growth reference data 36 were . Although several other scans were performed, for the purposes of this paper, axial images (5-20 images with 10 mm-slice thickness) within the abdominal and pelvic region (10 cm deep cylinder) 39 were selected for extracting volume. Data from the MRI sequence were analysed using Philips EasyVision software. Some scans were corrupted during transfer or had unusable images, reducing the total number of participants to 170. Adipose tissue was identified for each MR image by selecting a signal intensity threshold value corresponding to adipose tissue (high intensity), followed by a manual adjustment through active contour and seed methods. The contour comes from manually drawing around the outline of region of interest on a slice-by-slice basis. The same threshold was used to quantify volume (cm 3 ) of total abdominal adipose tissue (TAAT) and intra-abdominal adipose tissue (IAAT). The volume of the total abdomen section under review was also quantified. The volume of subcutaneous abdominal adipose tissue (SAAT) was determined by subtracting the volume of intra-abdominal adipose tissue from the total volume of adipose tissue. The IAAT/SAAT ratio was used to characterize abdominal adipose tissue patterning.
Measures
IAAT and SAAT and to a lesser extent IAAT/SAAT ratio have been used elsewhere with adults, 40 with MRI in children 30, 31 and CT in children 41, 42 to describe abdominal adiposity.
Reliability of adipose tissue estimates was assessed using random effects model analysis of variance, intraclass correlation coefficients (ICCrs) and coefficient of variance (CV) to estimate intra-and interrater (two researchers) reliability in accordance with the guidelines of Shrout and Fleiss. 43 Sixteen scans were first analysed by two independent researchers and produced interrater reliability of ICCr ¼ 0.77 (CV ¼ 25.5%) and ICCr ¼ 0.99 (CV ¼ 6.7%) for IAAT and SAAT, respectively. When the researchers worked from an agreed threshold setting, interrater reliability with 33 participants was high at ICCr ¼ 0.96 (CV ¼ 3%) for IAAT and ICCr ¼ 0.95 (CV ¼ 0.3%) for SAAT. Intrarater reliability for one researcher for all 170 participants was ICCr ¼ 0.82 (CV ¼ 8.2%) for IAAT and ICCr ¼ 0.99 (CV ¼ 0.5%) for SAAT. This suggests that there are two major processes that reduce reliability. The first is in the selection of the threshold intensity, which has an element of visual subjectivity that varies between researchers. The second is in the determination of the areas of IAAT on each scan, which is partially dependent on the quality of the image. However, even with the existence of these documented sources of error, levels of both intra-and inter-researcher reliability for both elements of abdominal adipose tissue deposition were similar or better than those previously reported. 44 
Statistical analyses
Statistical analyses were performed using SPSS 14.0 (SPSS, Chicago, IL, USA). Data were first checked for outliers using casewise diagnostics, multicollinearity using the variance inflation factors (index o2.5), and normality by the Kolmogorov-Smirnov test. No outliers or multicollinearity were found. However, anthropometric variables, with the exception of height, violated the normality assumption (Po0.05). The departures were modest and with sample sizes of greater than 30 violations do not have large effects on outcomes. 45 Log-transformed variables were duplicated but diagnostic plots of residuals and R 2 -statistics showed very little improvement in the fit of the regression models (for example, adjusted R 2 changed from 0.632 to 0.674). For simplicity and ease of interpretation therefore, only non-logtransformed data are reported. Gender differences were assessed initially using independent samples t-tests. Between-group analyses of variance conducted separately by gender were then computed to examine mean differences and interactions in adipose tissue variables by age, maturational stage, WC and BMI groups. Tukey's post hoc comparison tests were used to locate specific group differences.
Using the whole sample, Pearson's product-moment correlation coefficients were calculated to assess the relationship between selected anthropometric indices and abdominal adipose tissue variables. Those variables with the strongest associations were used as independent variables in simple regressions to quantify their contribution to the explained variance in IAAT, SAAT and IAAT/SAAT. To develop sex-specific prediction equations of IAAT and SAAT, the sample was randomly split into 62% (boys, n ¼ 61; girls, n ¼ 45) for equation development and 38% (boys, n ¼ 40; girls, n ¼ 24) for a test to cross-check for an overfitting regression model. 46 Prediction equations for IAAT/SAAT were not attempted because of the low level of explained variance in the initial regression models. R 2 , standard error of estimate (s.e.e.), coefficient of variation (CV), pure error (PE) and bias were used to assess the degree of precision achieved in the cross-validation sample. To check the bias, the predicted mean values of IAAT and SAAT were compared with MRI-measured IAAT and SAAT using paired t-tests. Pure error, which is used to measure the performance of the predictive equation on cross-validation, was calculated as the square root of the sum of squared differences between the observed and the predicted values divided by the number of participants in the cross-validation sample. This error should be similar to the value of the s.e.e. for the same equation for the group from which it was developed. The smaller the pure error, the greater the accuracy of the equation when it applies to the independent sample. 47 
Results
The descriptive statistics for the main variables are presented by gender in Table 1 with the final sample consisting of 96 boys and 74 girls aged 13.4 (±0.4) and 13.5 (±0.5) years, respectively, at MRI scan visit. In this sample, only 7 (4%) of the final 170 samples were classed as 'non-white' so no analyses concerning ethnicity were attempted. There were no gender differences in age and waist circumference, but there were differences in sexual maturity, height, weight, BMI, IAAT, SAAT and IAAT/SAAT ratio. As expected, more girls were at later stages of sexual maturation than boys, and because this provides a plausible reason for differences in adipose tissue development, all further group analyses were conducted separately by gender.
In the final sample, 71% of the boys were normal weight, 11% were overweight and 18% were obese according to BMI age-and gender-specific percentiles. Of the girls, 61% were normal weight, 20% were overweight and 19% were obese. These figures indicate lower levels of obesity but higher levels of overweight than the most recent nationally representative data for children aged [11] [12] [13] [14] [15] 
Factors influencing abdominal adipose tissue volumes
Analysis of variance revealed no age group differences in IAAT or SAAT volumes and IAAT/SAAT ratio for either boys or girls. This was due to the limited range among the sample with most being selected from the same school year. Of the 113 children with available pubertal data, only 1 girl was classed as prepubertal, 38 were early pubertal and 13 were late pubertal. There were 27 prepubertal, 30 early pubertal and only 4 late pubertal boys. No differences in adipose tissue parameters were found among pubertal groups, and there was no evidence of interaction for age and pubertal stage for either gender. Tables 2 and 3 show that there were substantial differences in IAAT and SAAT (Po0.0001) among the three BMI groups for both boys and girls, with obese children carrying three to five times greater volumes of adipose tissue than normal weight children. Obese boys had lower IAAT/SAAT ratios than normal weight boys (P ¼ 0.009), but there were no differences (P ¼ 0.969) for girls.
Similarly, there were differences in IAAT (boys and girls Po0.0001), SAAT (boys and girls Po0.0001) and IAAT/SAAT 
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(boys only Po0.0001) among the three WC groups. The high-WC group showed higher levels of IAAT and SAAT compared with moderate and low groups both for boys and girls (all Po0.05). For the IAAT/SAAT ratio, as with the BMI results, high-WC boys had lower ratios than low-WC boys (Po0.0001).
Predictors of abdominal adipose tissue
Correlation was first used to estimate the strength of the relationships between the anthropometric and adipose tissue variables (see Table 4 ). According to Cohen's guidelines, 49 WC (r ¼ 0.84 for boys and r ¼ 0.80 for girls) and BMI (r ¼ 0.83 for boys and r ¼ 0.77 for girls) produced strong correlations with IAAT. Even stronger correlations were found between BMI and SAAT (r ¼ 0.94 for boys and r ¼ 0.89 for girls) and WC and SAAT (r ¼ 0.91 for boys and r ¼ 0.87 for girls). Because IAAT was highly correlated with SAAT (the predominant storage depot), its relationships with anthropometric indicators were weak or extinguished when SAAT was controlled through partial correlation. Both WC and BMI were more strongly correlated with adipose tissue parameters than body weight. Conversely, correlations with the IAAT/SAAT ratio, the indicator of adipose tissue patterning, were much weaker.
The relationships between the IAAT/SAAT ratio and IAAT and SAAT were different in each gender. In boys, the IAAT/SAAT ratio showed a moderate negative relationship with SAAT (r ¼ À0.36) but no relationship with IAAT. Conversely in girls, there was a moderate positive relationship between the IAAT/SAAT ratio and IAAT (r ¼ 0.34) but no relationship between the IAAT/SAAT ratio and SAAT.
Simple (two-variable) regression analysis was performed to quantify the contribution of each independent variable to IAAT and SAAT variance. Results are shown in Table 5 . WC was the strongest single predictor for IAAT, explaining 67.4% of its variance, and BMI was the best single predictor for SAAT, explaining 84.8% of its variance. The contribution of pubertal status and gender, although lower in comparison to anthropometric variables, was higher for SAAT and IAAT/SAAT ratio than IAAT. As might be expected from its narrow range, age was a very weak predictor. Prediction of IAAT/SAAT ratio by all variables was weak with BMI explaining the largest amount of variance (8.4%; negative relationship).
In line with Brambilla et al., 27 the contribution of the remaining variables to the variance explained by the strongest single anthropometric predictors of IAAT, SAAT and IAAT/SAAT ratio was calculated using simple regression. The results are shown in Table 6 . The remaining variables MRI of abdominal adiposity in British children LL Benfield et al explained an additional 4.4% of the variance in IAAT-WC prediction and 2.1% of the SAAT-BMI prediction. The total additional variance for the IAAT/SAAT-BMI prediction was 12.1% with age contributing 4.5% and gender 2.7%. However, with all three variables entered into a prediction model for IAAT/SAAT, total explained variance reached only 13.9%, and no further analyses were conducted.
The next objective was to cross-validate the prediction equations. The following equations were calculated from a random selection of 62% of the whole sample: IAAT (cm There was also no evidence of bias between the means of the two subsamples (P ¼ 0.505 for IAAT and P ¼ 0.69 for SAAT). The correlations between predicted and measured values were strong (r ¼ 0.821 for IAAT and r ¼ 0.921 for SAAT). There was very good stability from the first to second subsamples with an R 2 increase from 0.66 to 0.67 for IAAT and R 2 (0.85) had no change for SAAT. These results indicate that the prediction equations had reasonable validity for IAAT and high validity for SAAT. The prediction equations of Brambilla et al. 27 were also applied to the current sample. , CV¼ 27%). Analyses indicated that the plotted regression line was different from the line of identity (F ¼ 344.8, Po0.0001 for IAAT; F ¼ 934.0, Po0.0001) for SAAT. Using the Brambilla et al. equations for IAAT and SAAT, the predicted values and our MRI measured values were highly correlated (r ¼ 0.82 for IAAT and r ¼ 0.92 for SAAT), but the mean differences between predicted and MRI values was large (Po0.0001 for both IAAT and SAAT). The results showed that the nonsystematic error, as reflected by the precision, was relatively large for the equations. The average systematic error or bias appeared small, possibly due to the large number of participants included in the analysis. However, the s.d. of the prediction error was large, implying that for individual participants, the estimates can be highly inaccurate. For both ) by summing the total individual slice fat volumes (10-mm slice thickness) in the selected region. Although comparison across these studies provide a logical pattern of results, especially as they are derived from different equipment, insufficient information is provided in some studies regarding the methods used to derive volume data so that it is impossible to know if comparisons are meaningful. Furthermore, the studies span a period of 10 years when obesity rates were changing rapidly.
The study also provided insight into the patterns of deposition that are typical of a cohort of mainly white Caucasian 13-year olds. Within this population, the data indicated that although girls had higher IAAT and SAAT, they did not differ radically from boys in their abdominal adipose tissue patterning. Boys tended to have a higher IAAT/SAAT ratio, which possibly reflects the start of sexual dimorphism in patterning. Fatter children (as determined by BMI), whether girls or boys, have stored their extra fat in both subcutaneous and intra-abdominal locations. However, predictors of the IAAT/SAAT ratio differ between boys and girls. With girls, a moderately strong relationship with IAAT is seen that is not observed in boys. Their IAAT/SAAT ratio is negatively related to SAAT. The significance of this observation is not clear and requires replication. It may be that the observed differences reflect the fact that some girls are already displaying a tendency towards visceral adipose tissue patterning, and this is already resulting in greater stored amounts of IAAT at this age. This is not the case with boys whose deposition remains dominated by SAAT.
Furthermore, in these children, the IAAT represented only 9.2 and 9.5% of scanned total abdominal volume for girls and boys, respectively, so that almost 90% of adiposity is subcutaneous storage. These IAAT percentages are lower than those reported for normal weight adults (men 12-18%; women 11-15%) that have been shown to increase steadily with age. 53 In adults, IAAT/SAAT ratio scores of over 0.4 have been categorized as predominantly visceral-type deposition and have been associated with greater metabolic complications. 54 In the present study, 11 boys and 2 girls only had an IAAT/SAAT ratio of 0.2 or more, and there were no ratios above 0.3. This would suggest that at this age, the impact of visceral adipose tissue deposition on metabolic parameters is likely to be small. There are some limitations with this study. Although the sample size of 170 is the largest to date involving MRI with children with a wide range of BMI, it still remains small and restricted to a narrow age range of predominantly white British children. Clearly, to fully capture the effect of age, sexual maturation and sexual dimorphism on the development of types of abdominal adipose tissue patterning, children need to be reassessed several times into late adolescence. The assessment of ethnic variation in abdominal adipose tissue deposition would require larger and more diverse samples. Furthermore, there remain some technical challenges in the use of MRI as an assessment tool. In this study, the interrater variation in the determination of seeding thresholds for IAAT was identified as the major source of error.
In conclusion, prediction equations were developed that can be applied to the main ALSPAC cohort and other population-based samples so that other important relationships and determinants can be investigated. As with the Brambilla et al. analysis, waist circumference emerged as a useful field indicator of IAAT, and BMI provides a very good estimate of SAAT in 13-year olds. At the moment, however, there are no anthropometric indicators of the IAAT/SAAT ratio, the primary indicator of abdominal adipose tissue patterning, in individual children of this age.
